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Abstract Implications of possible CPT and Lorentz violation for antimatter-
gravity experiments as well as other antimatter tests are considered in the
context of the general field-theory-based framework of the Standard-Model
Extension (SME).
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1 Introduction
The realm of antimatter is an area in which many predictions of our current
best theories of physics, the Standard Model of particle physics and General
Relativity remain unverified. Thus antimatter experiments provide the oppor-
tunity to place our existing theories on a stronger experimental foundation.
Lorentz symmetry, along with the associated CPT symmetry [1], is an aspect
of both of our existing theories that can be tested in antimatter experiments.
Beyond improving the experimental foundation of the Standard Model
and General Relativity, antimatter experiments are among those that offer the
potential to detect new physics at the Planck scale through searches for Lorentz
and CPT violation with low-energy physics [2]. Standard lore holds that our
current theories are the low-energy limit of a more fundamental theory at the
Planck scale. Candidates for the fundamental theory include suggestions such
as string theory. The possibility of CPT and Lorentz violation has been shown
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to arise in some candidates for the underlying theory including string theory
[3] and other scenarios [4], hence searches for violations of these symmetries
offers the opportunity to detect Planck-scale physics with existing technology
[3].
The SME offers a comprehensive field-theoretic framework for investigating
Lorentz and CPT symmetry as an expansion about known physics [5,6,7]. As
such, it contains known physics and offers the power to predict the outcome of
relevant experiments. It should be emphasized that the SME is not a specific
model, but a comprehensive test framework ideally suited for a broad search.
Presently, no compelling evidence for CPT or Lorentz violation has been found.
As such, a broad and systematic search may offer a more efficient way of
seeking such violations than the consideration of many specific models having
unclear relationships to each other. From this perspective, a few models that
illustrate aspects of the general framework are useful; however, the time for
more aggressive model building will come when new physics is found. This
proceedings contribution reviews SME-based projects and proposals in the
area of antimatter as well as an SME-based model that illustrates several
possibilities in antimatter-gravity experiments.
2 Basics
The QED-extension limit of the gravitationally coupled SME [6] provides the
basic theory relevant for the discussion to follow. The action for the theory
can be schematically presented as
S = Sψ + Sgravity + SA. (1)
Here the first term is the gravitationally coupled fermion sector, the pure-
gravity sector is provided by the second term, and the final term is the pho-
ton sector. Each of the terms above consists of known physics along with all
Lorentz-violating terms that can be constructed from the associated fields.
In this work we specialize to the popular minimal-SME limit, involving
operators of dimension 3 and 4. The minimal fermion-sector action can be
presented explicitly as follows:
Sψ =
∫
d4x(1
2
ieeµaψΓ
a
↔
Dµ ψ − eψMψ), (2)
where
Γ a ≡ γa − cµνe
νae
µ
bγ
b − dµνe
νae
µ
bγ5γ
b
−eµe
µa − ifµe
µaγ5 −
1
2
gλµνe
νaeλbe
µ
cσ
bc, (3)
M ≡ m+ aµe
µ
aγ
a + bµe
µ
aγ5γ
a + 1
2
Hµνe
µ
ae
ν
bσ
ab, (4)
and aµ, bµ, cµν , dµν , eµ, fµ, gλµν , Hµν are coefficient fields for Lorentz viola-
tion. Gravitational couplings occur here via the vierbein e aµ and the covariant
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derivative. The Minkowski-spacetime fermion-sector action can be recovered
in the limit e aµ → δ
a
µ.
Leading contributions to the pure-gravity sector action take the form
Sgravity =
1
2κ
∫
d4xe(R − uR+ sµνRTµν + t
κλµνCκλµν ), (5)
where RTµν is the traceless Ricci tensor, and Cκλµν is the Weyl tensor. The
first term provides the Einstein-Hilbert action. The coefficient field sµν in the
third term is responsible for the relevant Lorentz-violating signals in the post-
newtonian analysis [8]. The coefficient field tκλµν provides no contributions
in the post-Newtonian analysis, while the coefficient field u is not Lorentz
violating. The photon sector, containing Maxwell electrodynamics along with
associated Lorentz violation, is provided by the partial action SA. Since it is
not directly relevant for the discussion to follow, the explicit form of SA is
omitted here, though in general it is of considerable interest and has been the
subject of a large number of tests [9].
The nature of the coefficient fields appearing above can be understood
in two basic ways: explicit Lorentz violation and spontaneous Lorentz viola-
tion. In the context of explicit Lorentz violation, the content of the coefficient
fields is imposed as an external choice, where as in the context of spontaneous
Lorentz violation, the coefficient fields are dynamical fields within the the-
ory that receive vacuum expectation values via the spontaneous breaking of
Lorentz symmetry. Here spontaneous Lorentz violation can be thought of as
analogous to the spontaneous breaking of SU(2)×U(1) symmetry in the Stan-
dard Model. Unlike electroweak-symmetry breaking, the vacuum values that
arise from spontaneous Lorentz violation are vector or tensor objects known
as coefficients for Lorentz violation, which can be thought of as establishing
preferred directions in spacetime. For Minkowski-spacetime experiments seek-
ing CPT- and Lorentz-violating effects associated with the vacuum values, the
distinction between explicit and spontaneous Lorentz-symmetry breaking is
not relevant, and spacetime-independent coefficients for Lorentz violation are
typically assumed, both because they could be thought of as a leading term in
an expansion of a more general function, and because energy and momentum
are conserved in this limit.
The Minkowski-spacetime limit provides the relevant theory for the non-
gravitational tests considered in Sec. 3. In this limit, the pure-gravity sector
is irrelevant, gravitational couplings in the fermion-sector 2 are neglected, and
constant coefficients provide the relevant contribution to the coefficient fields.
Theoretical tools for the analysis of a variety of experiments have been ob-
tained from the general theory including the associated relativistic quantum
mechanics [10], the corresponding nonrelativistic Hamiltonian [11], and the as-
sociated classical Lagrangian [12]. Antimatter applications of these Minkowski-
spacetime results are considered in Sec. 3.
In the context of gravitational studies, it has been shown that explicit
Lorentz violation is typically incompatible with the Riemann geometry of ex-
isting gravity theories [6], though more general geometries may admit explicit
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breaking [13]. Hence progress in gravitational studies requires consideration
of spontaneous breaking. Here spacetime-independent vacuum values are still
considered, but geometric consistency requires one to additionally consider the
effects of certain contributions to the fluctuations about the vacuum values.
Sec. 4 considers gravitational couplings. Lorentz-violating effects in a gravita-
tional context can stem from the pure-gravity sector or gravitational couplings
in the other sectors of the theory. Reference [8] provides numerous detailed
experimental proposals for investigating the coefficient (vacuum value) sµν
associated with the coefficient field sµν .
An analysis of gravitational couplings in the fermion sector is provided
by Ref. [14]. This includes the implications of the fluctuations in the coef-
ficient fields that must be addressed in a gravitational analysis along with
some additional theoretical issues. A detailed analysis of the implications of
spin-independent coefficient fields aµ, cµν , and eµ is then provided for a large
class of experiments. Vacuum values associated with these fields are denoted
(aeff)µ, for the countershaded combination [15] associated with the aµ and eµ
fields, and cµν for the vacuum value associated with cµν . The vacuum values
introduced here correspond to the coefficients for Lorentz violation discussed
in Minkowski spacetime. The experimental implications associated with these
fermion-sector coefficients, including those relevant for antimatter, are sum-
marized in Sec. 4.
3 Nongravitational CPT Tests with Antimatter
Over 1000 experimental and observational measurements have been performed
in the context of the SME [9]. Some methods associated with these measure-
ments are based on CPT- and Lorentz-violating modifications to the energy
levels of atoms [16,17]. As the Earth revolves around the Sun and rotates on
its axis, the orientation and boost of an experiment in the lab change. In the
context of studies of Lorentz violation, such changes in boost and orientation
imply annual and sidereal variations of energy levels. Since Lorentz-violating
effects on various levels typically differ, Lorentz violation can be investigated
by searching for relative changes in levels with time [16]. A subset of the SME
coefficients for Lorentz violation are also CPT violating, and the comparison
of the spectrum of hydrogen with that of antihydrogen would also provide
sensitivity to associated coefficients [17]. An experiment aiming to obtain such
sensitivity via a measurement of the hyperfine Zeeman line is presently in
preparation [18].
Lorentz- and CPT-violating effects that are difficult to detect in matter
experiments may in some cases be more readily seen in comparisons of matter
and antimatter. The isotropic ‘invisible’ model (IIM) [14,19] was constructed
as a special limit of the SME to illustrate a scenario in which Lorentz violation
would produce a significantly larger effect in tests involving antimatter than in
tests with only matter. The model is constructed by first noting that in any give
inertial frame O, a subset of Lorentz-violating operators in the SME preserve
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rotational symmetry. Isotropic Lorentz violation is generated in that frame by
setting the coefficients of the other operators to zero. In another frame O′ that
is boosted with respect to O, rotation invariance will be violated. The IIM then
assumes that (bp)T ′ and isotropic (d
p)Ξ′Ξ′ are the only nonzero coefficients
for Lorentz violation in the CMB frame, and it further assumes (bp)T ′ =
kmp(dp)T ′T ′ , for a suitable choice of constant k. Nonzero coefficients (b
p)J
and (dp)JT are then generated in the Sun-centered frame, which is boosted
relative to the CMB frame. The dominant signals in terrestrial experiments
with hydrogen are in the hyperfine structure and involve (bp)J − m
p(dp)JT ,
which vanishes for suitable k. Thus in the IIM, hydrogen experiments can
only detect effects suppressed by at least one power of the boost of the Earth
around the Sun, which is about 10−4 and requires experiments sensitive to
annual variation. However, dominant effects in experiments with antihydrogen
involve the combination (bp)J +m
p(dp)JT , since bµ is a CPT odd coefficient,
while dµν is CPT even. This implies unsuppressed signals would occur in the
hyperfine structure of antihydrogen in the IIM, making it a field-theoretic toy
model in which the effects of CPT and Lorentz violation would be at least 104
times greater in antihydrogen than those in hydrogen or other nonrelativistic
neutral matter.
The shifting of atomic energy levels discussed above constitute one method
of searching for Lorentz and CPT violation in antimatter experiments. The
comparison of energy levels for trapped particles with those of trapped antipar-
ticles also leads to CPT-violation sensitivities in the SME [10]. This method
has led to experimental results for coefficients for Lorentz violation associated
with the electron [20] and proton [21] and ongoing experiments provide the
possibility of further results [22].
4 Gravitational Tests
Sensitivity to coefficients (aeff)µ, cµν , and sµν can be achieved via a wide
variety of gravitational experiments [8,14] including gravimeter experiments
[23], tests of the universality of free fall [24], redshift tests [25], spin-precession
tests [26], experiments with devices traditionally used for short-range gravity
tests [27], solar-system tests [28], gravity probe B [29], and binary pulsars [30].
The key point used in most laboratory tests is that the gravitational force
acquires tiny corrections both along and perpendicular to the usual free-fall
trajectory near the surface of the Earth due to the above coefficients. The
effective inertial mass of a test body is also altered in a direction-dependent
way by coefficients (aeff)µ and cµν , resulting in a nontrivial relation between
force and acceleration. These corrections are time dependent with variations at
the annual and sidereal frequencies, and the corrections introduced by (aeff)µ
and cµν are particle-species dependent.
The properties presented above lead naturally to a 4-category classification
of laboratory tests that use Earth as a source. Monitoring the gravitational
acceleration or force over time constitutes free-fall gravimeter tests or force-
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comparison gravimeter tests respectively. Similarly monitoring the relative ac-
celeration of, or relative force on, a pair of test bodies constitutes a free-fall
or a force-comparison Weak Equivalence Principle (WEP) test respectively.
While such tests with ordinary, neutral matter yield numerous sensitivities to
Lorentz violation, experimentally challenging versions of the tests highlighted
above performed with antimatter, charged particles, and second- and third-
generation particles can yield sensitivities to Lorentz and CPT violation that
are otherwise difficult or impossible to achieve. Gravitational experiments with
antihydrogen [31,32,33,34,35,36,37], charged-particle interferometry [38,35],
ballistic tests with charged particles [39], and signals in muonium free fall [40]
are considered in Ref. [14]. Here antimatter tests are considered in more detail.
An recent direct measurement of the fall of antihydrogen by the ALPHA
collaboration has placed initial direct limits on differences in the freefall rate of
matter and antimatter [31]. A number of methods for improved measurements
are in preparation or have been suggested including tests using a Moire´ ac-
celerometer [32], trapped antihydrogen [33], antihydrogen interferometry [34,
35], gravitational quantum states [36], and tests in space [37]. As an example
of the expected sensitivity of work in preparation, the AEGIS experiment [32]
and the GBAR [33] experiment both expect sensitivity at the percent level.
Antimatter-gravity experiments could obtain special sensitivities to the
SME coefficients (aweff)µ and (c
w)µν . The key idea is that the sign of (a
w
eff)µ
reverses under CPT, while the sign of (cw)µν does not. Thus, antimatter ex-
periments could in principle observe novel behaviors and could place cleaner
constrains on certain combinations of SME coefficients than can be obtained
with matter. The analysis of antimatter experiments is then the same as the
treatment of the matter experiments discussed above with the only exception
being the change in sign of (aweff)µ relative its matter counterpart.
In addition to providing a framework for the analysis of antimatter gravity
experiments as highlighted above, the general field-theoretic approach of the
SME illuminates some aspects of attempts to place indirect limits on the
possibility of unconventional antimatter-gravity interactions that appear in
the literature [41]. Toy-model limits of the SME facilitate the discussion. One
such model is the isotropic ‘parachute’ model (IPM) [14], which is similar in
design to the IIM discussed above. The model is constructed by restricting
the classical nonrelativistic Lagrange density of the SME in the Sun-centered
frame S, to the limit in which only coefficients (aweff)T and isotropic (c
w)ΣΞ are
nonzero. The effective classical Lagrangian for a test particle T moving in the
gravitational field of a source S in this limit can be written in the suggestive
form
LIPM =
1
2
mTi v
2 +
GNm
T
gm
S
g
r
. (6)
Here mTi is the effective inertial mass of T, and m
T
g and m
S
g are the effec-
tive gravitational masses of T and S, respectively. The effective masses are
defined in terms of the coefficients for Lorentz violation (aweff)T , (c
w)TT and
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the conventional Lorentz invariant body masses mB:
mBi = m
B +
∑
w
5
3
(Nw +N w¯)mw(cw)TT
mBg = m
B +
∑
w
(
(Nw +N w¯)mw(cw)TT + 2α(N
w −N w¯)(aweff)T
)
, (7)
where B is T or S, Nw andN w¯ denote the number of particles and antiparticles
of type w, respectively, and mw is the mass of a particle of type w.
The IPM for electrons, protons, and neutrons, is then defined by the con-
ditions
α(aweff)T =
1
3
mw(cw)TT , (8)
where w ranges over e, p, n. This condition ensure that for a matter body
B the effective inertial and gravitational masses are equal. That is, mBi =
mBg , which implies that no Lorentz-violating effects appear in gravitational
tests to third post-newtonian order using ordinary matter; however, for an
antimatter test body T, mTi 6= m
T
g within the IPM. Thus, observable signals
may arise in comparisons of the gravitational responses of different types of
antimatter or of the gravitational responses of matter and antimatter. The
following paragraphs consider the implications for the IPM of some typical
arguments against anomalous antimatter gravity as well as some new indirect
limits recently published.
The question of whether energy remains conserved when matter and anti-
matter have different gravitational responses is one issue that has been raised
[42]. This point is moot in the context of the present SME-based discussion
since the energy-momentum tensor is explicitly conserved. Still, consideration
of the following thought experiment is instructive. Consider a particle and an
antiparticle lowered in a gravitational field, converted to a photon pair, raised
to the original location, and reconverted to the original particle-antiparticle
pair. Arguments of this type normally proceed by assuming, for example, that
the particle-antiparticle pair gain a particular amount of energy from the grav-
itational field as they fall, and this energy is converted to a pair of photons
with no additional change in gravitational field energy. The photons are then
assumed to couple differently to gravity than the particle-antiparticle pair, and
hence they lose an amount of energy on the way back to the original height
that differs from the amount gained by the particle-antiparticle pair on the way
down, violating conservation of energy. To see explicitly how these issues are
avoided in the IPM, first note that in the analysis of Ref. [14], the photons are
conventional, partly via an available coordinate choice. Next, note that the
CPT-odd coefficient (aweff)T shifts the effective gravitational coupling of the
particles and the antiparticles by equal and opposite amounts relative to the
photons. Thus (aweff)T result in no net difference for the particle-antiparticle
combination and the photons. To understand contributions due to the CPT-
even coefficient (cw)TT , note that the above argument assumes that no change
in potential, or field energy occurs as the particle-antiparticle pair converts to
a photon. If there is a change in gravitational couplings this will not typically
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be the case. Hence in the case of (cw)TT one finds that energy is conserved
when the total energy of the system, including field energy, is considered.
Another indirect argument against anomalous antimatter gravity is based
on neutral-meson systems, which provide natural interferometers mixing parti-
cle and antiparticle states [43]. Neutral-meson systems have already been used
to place tight constraints on certain differences of the coefficients (aweff)µ for w
ranging over quark flavors via flat spacetime considerations [44,45]. No domi-
nant implications arise from these constrains for baryons, which involve three
valence quarks, or for leptons in the context of the IPM. Moreover, meson
tests involve, valence s, c, or b quarks, which are largely irrelevant for protons
and neutrons. This same line of reasoning holds for gravitational interactions.
Thus the flavor dependence of Lorentz and CPT violation in the SME implies
that the IPM evades restrictions from meson systems.
As a final popular argument, consider the attempt to argue against anoma-
lous antimatter gravity based on the large binding energy content of baryons,
atoms, and bulk matter [46]. A version of the argument relevant for the present
discussion of antihydrogen could be constructed by noting that the quarks in
hydrogen contain only about 10% of the mass, with much of the remainder con-
tained in the gluon and sea binding. One might then concluding that the grav-
itational response of the two cannot differ by more than about 10% since the
binding forces are comparable for hydrogen and antihydrogen. Such arguments
implicitly assume that the gravitational response of a body is determined by
its mass and hence by binding energy. In the context of the IPM, the coefficient
(aweff)T , leads to a correction to the gravitational force that is independent of
mass, but can vary with flavor. Hence the Lorentz-violating modifications to
the gravitational responses are determined primarily by the flavor content of
the valence particles. One could even consider a scenario in which the anoma-
lous gravitational effect is associated purely with the positron, as would occur
in the IPM when (aeeff)T is the only nonzero coefficient. A detailed considera-
tion of radiative effects involving (aweff)T , (c
w)TT , and other SME coefficients
for Lorentz violation [5,47] could result in more definite statements along the
above lines, perhaps imposing the IPM condition only after renormalization;
however, the essential points illustrated with the IPM are: the anomalous grav-
itational response of a body can be independent of mass, can vary with flavor,
and can differ between particles and antiparticles.
Although the IPM provides an example of a field-theoretic toy model, which
generates an anomalous gravitation response for antimatter that appears to
evade many of the typical indirect limitations, the model can be limited by a
rather different type of investigation with matter. Certain experiments with
sensitivity to higher powers of velocity [14], including the recent redshift anal-
ysis [25], considerations of bound kinetic energy [24], and double-boost sup-
pression terms, if analyzed, in some flat-spacetime tests can place constraints
on the IPM. Presently the best constraints are based on bound kinetic energy
and limit the anomalous gravitational response of antimatter in the IPM to
parts in 108 [24]. Note however, that these constraints are rather different from
the usual arguments. It also may be possible to construct models similar to
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the IPM based on the recently analyzed higher-order terms in the SME [7],
though this remains an open issue at present.
5 Summary
The search for Lorentz and CPT violation provides the opportunity to probe
Planck-scale physics with existing technology, and the SME provides a general
field-theoretic framework for such investigations. The comparison of matter
and antimatter, provides a means of conducting such tests using spectroscopic
and gravitational experiments. Moreover, a special limit of the SME provides
a unique toy model, the IPM, for investigating indirect limits on antimatter
gravity.
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